Abstract Transpedicular fixation can be challenging in the osteoporotic spine as reduced bone mineral density compromises the mechanical stability of the pedicle screw. Here, we sought to investigate the biomechanical and histological properties of stabilization of expandable pedicle screw (EPS) in the osteoporotic spine in sheep. EPSs and standard pedicle screws, SINO screws, were inserted on the vertebral bodies in four female ovariectomized sheep. Pull-out and cyclic bending resistance test were performed to compare the holding strength of these pedicle screws. High-resolution micro-computed tomography (CT) was performed for three-dimensional image reconstruction. We found that the EPSs provided a 59.6% increase in the pull-out strength over the SINO screws. Moreover, the EPSs withstood a greater number of cycles or load with less displacement before loosening. Micro-CT image reconstruction showed that the tissue mineral density, bone volume fraction, bone surface/bone volume ratio, trabecular thickness, and trabecular separation were significantly better in the expandable portion of the EPSs than those in the anterior portion of the SINO screws (P \ 0.05). Furthermore, the trabecular architecture in the screw-bone interface was denser in the expandable portion of the EPS than that in the anterior portion of the SINO screw. Histologically, newly formed bone tissues grew into the center of EPS and were in close contact with the EPS. Our results show that the EPS demonstrates improved biomechanical and histological properties over the standard screw in the osteoporotic spine. The EPS may be of value in treating patients with osteoporosis and warrants further clinical studies.
Introduction
With rapid advances in the field of spinal surgery and with the aging of the population, an increasing proportion of elderly patients undergo surgical treatment for their spinal disorders [8] . Pedicle screw instrumentation is one of the most commonly used and rapidly growing forms of stabilization for spinal fusion. Transpedicular fixation, however, can be very challenging in the osteoporotic spine as mechanical stability of the pedicle screws is determined by bone mineral density (BMD) [9, 27] . In addition, poor rigidity of the bone-screw contact can lead to loosening of the implant in osteoporotic patients.
There have been numerous studies on the pull-out strength of pedicle screws in the lumbar spine for the optimization of the screw size, the depth of insertion or direction of the screw, and the screw design [4, 11, 21, 29] . Moreover, the pedicle screw has been augmented with polymethylmethacrylate, hydroxyapatite grout, calcium phosphate cement, or butyl-2-cyanoacrylate in an attempt to improve the strength of the screw-bone interface in the osteoporotic spine [1, 7, 18, 20, 25, 28, 30] . The effectiveness of these screw modification and augmentation strategies, however, has been limited by such complications and problems as increased risks of pedicle fracture with resultant neural injury for larger screws, anterior body penetration with ensuing vascular or visceral injury for longer screws [17] , potential problems associated with the leakage of cement in the spinal canal [34] , and uncertain long-term rigidity on the course of substitution for absorbable cements.
To address these issues, several investigators [5, 6, 13] have developed expandable pedicle screws (EPS), which have been shown to result in a 30% increase in bone pullout strength compared with conventional pedicle screws, including an approximately 50% increase in pull-out strength in the osteoporotic bone. Bone fixation strength testing indicated that the EPS may be particularly useful in situations of expected compromised fixation strength such as osteoporosis [5, 13] . To our knowledge, there has been no previous report on the maintenance of stability in vivo by the EPS in osteoporosis. In this study, we sought to investigate the biomechanical and histological properties of stabilization of the EPS in the osteoporotic spine in sheep.
Materials and methods

Screws
The titanium alloy EPS is barrel-shaped and has an outer diameter of 4.5 mm and a 1.0 mm internal bore (Fig. 1) . The anterior portion of the screw is split lengthwise by a groove to form two anterior fins. A smaller gauge can be inserted into the interior of the EPS and opens the fins concentrically as it is advanced. This system increases the diameter of the expanding screw tip while the diameter of the posterior portion of the screw remains constant during its expansion. Standard 4.5 mm pedicle screws, the Spinal Implant New Option (SINO) screws (Medtronic-weigao Orthopedic Device, Shandong, China) were selected as controls.
Animals
Four adult sheep aged 3.8 ± 1.5 years with a mean weight of 45.5 ± 2.5 kg were used in the study. Osteoporosis was induced by ovariectomy followed by a 12-month low calcium diet containing 50% food pellet with 0.2% calcium and 50% wheaten chaff with 0.3% calcium as previously described [14, 16, 19, 32, 35] and was confirmed by dual energy X-ray absorptiometry (Lunar, Madison, WI) prior to and 12-month after ovariectomy. After they were anesthetized, the paravertebral muscles were exposed posteriorly and dissected. The lumbar spine from L1 to L5 was exposed and each vertebra body (L1 to L5) was drilled and tapped using the bilateral intrapedicular approach. Either an EPS or a SINO screw was placed into each pedicle at each vertebra from L1 to L5 and the EPSs were then expanded. A total of 40 screws were used with 10 screws in each animal, including 5 EPSs on the right side and 5 SINO screws on the left side (Fig. 2) . Followed by a six-month low calcium diet, all animals were killed and the lumbar spines including the screws were harvested (Fig. 3) .
The study protocol was approved by the local Institutional Review Board at the authors' institution and was in accordance with the Guidelines for Animal Care and Studies by the Fourth Military Medical University, Xi'an, China.
Pull-out and cyclic bending resistance tests Vertebral bodies were collected immediately after killing and were snap frozen. Axial pull-out tests were conducted in eight EPSs and eight SINO screws. After the removal of the posterior elements, the vertebra and pedicle screw unit was placed in the holding device. Through a clamp holding the end of the screw, a straight axial pull-out force was applied using a material testing machine (MTS 858, Fig. 1 Comparison of the structure of the expandable pedicle screw (EPS) to the standard pedicle screw (SINO screw). The non-expanded EPS is shown in 1; the smaller gauge screw, rod and the accessory screw of the EPS are shown in 2; the expanded EPS is shown in 3; the standard SINO pedicle screw is shown in 4 MTS Systems, Minneapolis, MN, USA). Each screw was extracted from the pedicle at a constant rate of 5 mm min -1 until purchase failure, which is defined as the maximum pull-out strength reached before the load decreased abruptly.
In addition, six EPSs and six SINO screws with the vertebral bodies were employed in cyclic bending resistance test. The vertebra was embedded in polymethylmethacrylate bone cement and fixed on a specially made fixation plate (Fig. 4) . While the load was applied downward by a rod which was perpendicular to the screw, caudocephalad cyclic loading was applied to the head of the screw perpendicularly with an initial load of 10 N. The load was first increased from 10 to 25 N, and then decreased to 10 N (10 ? 25 ? 10). Subsequently, the load was increased by 25 N in each cyclic loading until it reached 200 N. Each test was conducted at a rate of 5 Hz for 100 cycles. Displacement of the pedicle screw was continuously recorded with a data acquisition system. If the screw became loosened (displacement 2 mm) when the loading cycles were less than 800 times, we recorded the peak load and the loading cycles. If the screw did not loosen (displacement \ 2 mm) after the loading cycles reached 800 times, we recorded the displacement at the end of the test.
Three-dimensional imaging and reconstruction
For three-dimensional imaging and reconstruction, six vertebral bodies were incised into cylinders 20 mm in diameter centered by the EPS or SINO. The specimens of the EPS group (n = 6) and the SINO group (n = 6) were mounted on a stage and scanned using a micro-CT scanner (Explore Locus SP, GE Healthcare). The images used a voxel size of 21 lm in all three axes. Three-dimensional image of the bone and screws in the specimens were acquired and reconstructed. The same size of regions of interest (ROI) surrounding the EPS and SINO screws was reconstructed and analyzed in the same threshold. The ROI was defined from the region in the first three threads of the anterior portions of the screw. A software was used to generate three-dimensional parameters of each ROI automatically. Each of these parameters was compared between the EPS group and the SINO group.
Histological evaluation
After micro-CT scanning, all specimens of the EPS group (n = 6) were prepared for histological examination. They were fixed in 10% phosphate-buffered formalin (pH 7.25) for 7 days and dehydrated by alcohol solution with a gradient concentration of 70, 80, 90, 99, 100, and 100% (v/v) for 18 h in each, which were then embedded in polyester resin for 3 weeks. Thick sections (40-100 lm) were cut with a band saw (Leica-LA 2500, Germany) strictly perpendicular to the axis of the implant, which were then stained with Ponceau. A thorough microscopic analysis was performed on sections using transmitted light microscopy (Leica-LA) combined with a digital camera (Pixera Pro600cl, USA).
Statistical analysis
Statistical analysis was performed using the SPSS11.5 software. The data were expressed as mean ± SD. After Levene's test, the pull-out data were compared using a paired Student's t test. The displacement of screws in the cyclic bending resistance test was compared using MannWhitney U test. For three-dimensional image analysis, the parameters of the two groups were compared using MannWhitney U test. P \ 0.05 was regarded as statistically significant. 
Results
We successfully established a sheep osteoporosis model by ovariectomy and low calcium diet. Dual energy X-ray absorptiometry showed that the BMD value of the lumbar vertebrae 12 months after ovariectomy and low calcium diet was 0.755 ± 0.031 g cm -2 , which was significantly less than that of the pre-ovariectomy BMD of 0.951 ± 0.047 g cm -2 , and the decrease of BMD for each animal ranged from 24.7 to 27.8% (mean: 25.98%) ( Table 1) . We carried out pull-out tests of EPS and SINO screws and found that the mean pull-out strengths for the EPS and SINO screws were 951.83 ± 49.64 and 596.38 ± 51.21 N, respectively. Furthermore, EPSs provided a 59.6% increase in pull-out strength over the SINO screws and this increase was statistically significant (P \ 0.05). The results of our cyclic bending resistance test of the EPSs and SINO screws further revealed that approximately 83.3% of the SINO screws became loosened with a displacement equal to 2.0 mm before the loading cycles reached 800 times while only 16.7% of the EPSs became loosened. Before the loading cycles reached 800 times, the displacement of the pedicles was 1.978 ± 0.053 mm for the SINO screws and 1.274 ± 0.368 mm for the EPSs ( Table 2) . The difference in displacement between the two types of screws was statistically significant (P \ 0.05).
A three-dimensional rendering of the micro-CT data of the screw-bone interface showed that the trabecular architecture of the expandable portions of the EPSs in the screw-bone interface was denser than that of the anterior portion of the SINO screws, especially within the spiral markings (Fig. 5) . The same size of ROI adjacent to the expandable portions of the EPS and the anterior portion of the SINO screws were reconstructed and analyzed using the same thresholds. We found that tissue mineral density (TMD) (480 ± 70 mg cc -1 ), bone volume fraction (BVF) (56 ± 8%), and trabecular thickness (Tb.Th) (0.36 ± 0.12 mm) of ROIs in the expandable portions of the EPSs were significantly greater than those of the anterior portions of the SINO screws (TMD, 390 ± 30 mg cc -1 ; BVF, 36 ± 7%; Tb.Th, 0.23 ± 0.04 mm) (P \ 0.05) ( Table 3) . On the other hand, the bone surface/bone volume ratio (BS/BV) (6.1 ± 1.8 mm -1 ) and trabecular separation (Tb.Sp) (0.25 ± 0.06 mm) were significantly lower in the expandable portions of the EPSs than those of the anterior portions of the SINO screws (BS/BV, 9.0 ± 1.5 mm -1 and Tb.Sp, 0.43 ± 0.11 mm) (P \ 0.05). Furthermore, there was no significant difference in trabecular number (Tb.N) and structure model index (SMI) between the EPS group (Tb.N, 1.57 ± 0.24 mm -1 and SMI, 2.1 ± 0.7) and the SINO group (Tb.N, 1.7 ± 0.5 mm
and SMI, 2.5 ± 0.7) (P [ 0.05).
Histologically, newly formed bone tissues extended along the expandable fissures and grew into the center of EPS (Fig. 6 ). Both the newly formed bone and the bone surrounding the interface directly contacted the EPS without any intervening connective tissue layer (Fig. 7) . Though there existed significant osteoporosis around the EPS, the newly formed bone as well as the bone in the bone-screw interface tightly contacted the screw and constituted two compartments.
Discussion
Instrumentation with pedicle screws has become a routine method in spinal surgery during the last decade. The stability of the instrumentation depends on the purchase of the pedicle screws in the pedicle and the vertebral body. Despite the fact that satisfactory clinical outcomes have been achieved with pedicle screw instrumentation, loosening of the screws, especially in the osteoporotic spine, still constitutes a significant problem [23, 26] because it can lead to loss of correction or nonunion. To improve the stability of pedicle screw instrumentation, we have designed EPS and demonstrated that the instant fixation strength of the EPS was significantly higher than non-EPS. However, instrumentation needs long-term stability, which depends on the screw-bone interface binding. To the best of our knowledge, there has been no previous study on the histological and micro-architectural appearances of the interface around the EPS, especially in the osteoporotic spine. Clinically, EPS should be inserted into the vertebra transpedicularly. Sheep spines have been accepted as a reasonable substitute for human spines [15, 19, 22, 31, 32, 35, 37] because their geometric properties are comparable to those of humans. Besides, sheep may be the biggest available animal model for spine surgery. Even with an outer diameter of 6.5 mm, currently existing EPSs are much bigger than the width of the pedicles in sheep. In the current study, we have reduced the outer diameter of the newly designed EPS to 4.5 mm to match the width of the pedicle in sheep.
In our earlier study [13] , we evaluated the EPSs using fresh pedicles from calf lumbar vertebrae and compared their biomechanical properties with those of conventional pedicle screws and showed that the turning back torque and pull-out force of the EPS were significantly greater than those of conventional pedicle screws. The use of a pedicle screw that expands radially at the screw tip diameter may improve fixation strength by allowing greater bone contact without a concurrent increase in the diameter or length of pedicle insertion. In this investigation, we found that the EPSs provided an approximately 60% increase in the pullout strength compared with their paired SINO screws. In the cyclic bending resistance test, the EPSs were found to withstand a greater number of cycles or a greater load with less displacement before loosening (Table 2 ). These findings together suggest that EPS has better biomechanical properties than SINO screws and may offer a more effective option for surgical treatment of the osteoporotic spine.
Most of earlier studies used histomorphometry as the standard method to investigate the screw-bone interface [3, 33, 36] . Although histomorphometry can show interfacial properties, it has a fundamental limitation: the method is based on two-dimensional analysis and unavoidably loses much spatial information. In addition, histomorphometry cannot accomplish precise quantitative analysis of such parameters as TMD and BMD. Micro-CT makes it an ideal technique to investigate spatial properties at the bone-screw interface and enables three-dimensional quantitative analysis [24] . Studies indicated that micro-CT at a voxel size of 24 lm enabled the detection of bone changes earlier than histomorphometry in a model of osteoporosis in rats killed at different time points [2, 12] . Using micro-CT in the present study, we showed that the EPS had a very good screw-bone contact. Histologically, newly formed bone tissues grew into the groove of the fins. These bone tissues constructed two compartments and wrapped up the pins tightly. As shown by the unique three-dimensional structure, compared with conventional pedicle screws, the bone and the screw grew into each other, which could further improve the pull-out strength of the EPS and lead to greater fixation despite the continued presence of osteoporosis. Our results demonstrated that the parameters in the expandable portions of the EPS, including TMD, BVF, BS/BV, Tb. Th and Tb.Sp, were significantly better than those in the anterior portions of the SINO screws, indicating an improved biomechanical performance of the EPS compared with the SINO screws.
Many biomechanical studies have demonstrated that pedicle screw fixation is highly correlated with BMD [27] . The screw-bone interface is a dynamic structure with differing mechanical characteristics in different portions of the implant surface. In the present study, the fins of the EPS were expanded. The bone tissues surrounding the expandable portions of the EPS were compressed to some extent because of micro-fractures and became denser than before, resulting in augmented fixation strength because of the increased interfacial BMD. According to Wolff's law [10] , bone tissue structure adapts to mechanical load to which it is exposed. It is also believed that changes of bone mass during bone remodeling can be achieved by changing bone density or geometry. The sustained pressure exerted by the expanded fins could act as regulators of bone remodeling, leading to increased interfacial BMD. As a result, the microstructure surrounding the expandable portions of the EPS was significantly better than that in the anterior portion of the SINO screw. Thus, the mechanical stability of EPS was maintained and the risks of loosening were effectively decreased.
The trabecular bone surrounding the expandable portions of the EPS was compressed to some extent and, consequently, became denser than it was before screw expansion. This mechanical interaction between the EPS and the trabecular bone is expected to markedly increase the fixation strength at the screw-bone interface [5, 6] . The expansion of the EPS should also improve fixation strength by allowing greater bone contact at the anterior without an increase in pedicle insertion diameter or screw length. Furthermore, newly formed bone tissues grew into the groove of the fins. These bone tissues constructed two compartments and increased the contact area of screwbone interface. After insertion of screw, the screw-bone interface experienced a healing process of micro-fracture [3] . Osseointegration took place between the grooves of the fins in the screw-bone interface, effectively increasing the area of the osseointegration over that of SINO screw. We found that the EPSs provided a 59.6% increase in the pullout strength over the SINO screws. In the cyclic bending resistance test, the EPSs were found to withstand a greater number of cycles with less displacement before loosening. In sum, the biomechanical and histological properties of stabilization of the EPS are significantly better than that of SINO screw.
The limitation of this study was the use of only four sheep. Though the number of specimens in biomechanical tests was less, they were sufficient for statistical comparison between the EPSs and SINO screws. In addition, according to Wolff's law, it is believed that bone tissue structure adapted to mechanical load the pressure for which is provided by the expanded fins. This study does not find out how much the BMD increased acutely and chronically and how long the bone remodeling continued along the trajectory of EPS. However, further in vivo studies should be performed.
Conclusion
In summary, we show here that EPS could provide significant stabilization in the osteoporotic spine because of its superior biomechanical properties. Because of its increased fixation strength, EPSs may prevent screw loosening in patients with osteoporosis by providing early achievement and maintenance of stability between the pedicle screw and the bone. Therefore, EPS may be of value in treating patients with osteoporosis and warrants further clinical studies.
